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Abstract: Mental workload can be assessed via neurophysiological markers. Temporal features such as event related 
potentials (ERPs) are one of those which are very often described in the literature. However, most of the 
studies that evaluate their sensitivity to workload use secondary tasks. Yet potentials elicited by ignored 
stimuli could provide mental state monitoring systems with less intrusive probing methods. For instance, 
auditory probing systems could be used in adaptive driving or e-learning applications. This study evaluates 
how workload influences auditory evoked potentials (AEPs) elicited by a single-stimulus paradigm when 
probes are to be ignored. Ten participants performed a Sternberg memory task on a touchpad with three 
levels of difficulty plus a view-only condition. In addition, they performed two ecological tasks of their 
choice, one deemed easy (e.g. reading novels), and the other difficult (e.g. programming). AEPs were 
elicited thanks to pure tones presented during the memory task retention period, and during the whole extent 
of the external tasks. Performance and AEPs were recorded and analyzed. Participants’ accuracy decreased 
linearly with increasing workload, whereas the difference in amplitude between the P3 and its adjacent 
components, N2 and SW, increased. This reveals the relevance of this triphasic sequence for mental 
workload assessment. 
1 INTRODUCTION 
1.1 Workload and Mental State 
Monitoring 
The aim of mental state monitoring (MSM) and 
neuro-ergonomics is to evaluate an operator’s state 
in order to better supply her/him with help, 
information or safety measures. The applications are 
numerous, ranging from gaming to education, 
including driving and security. The new systems that 
allow this assessment are called passive Brain 
Computer Interfaces (pBCI; Zander et al., 2011), 
biocybernetic systems, or physiologically attentive 
user interfaces when they adapt their functionality to 
the user’s covert state (Chen and Vertegaal, 2004). It 
is well known that mental state modulations are 
reflected by a variety of physiological signals, 
including neurophysiological signals. Hence, passive 
BCI systems use neural markers, such as spectral or 
temporal features to classify a given mental state. 
Most of those neural markers are derived from 
electro-encephalographical (EEG) signals (Blankertz
et al., 2010; van Erp et al., 2012). 
One of the mental states that are of major interest 
to evaluate is workload. Mental workload has been 
extensively documented and can be defined either as 
the load in memory (i.e. number of items), the 
number of tasks to be performed in parallel, and 
more generally as a measure of the amount of 
cognitive and attentional resources engaged in a 
task. It is therefore considered to be close to task 
difficulty (Gevins and Smith, 2007), and to depend 
on each individual’s capabilities and the effort put in 
performing the task (Cain, 2007). Therefore, a 
classical finding is that performance (e.g. response 
time and accuracy) decreases when workload 
increases (e.g. Sternberg, 1966; Natani et al., 1981; 
Gomarus et al., 2006). 
1.2 EEG Markers of Workload  
Several EEG features are known to react to an 
increase in workload. Spectral features such as 
power spectral density have been thoroughly 
described in the literature (e.g. Gomarus et al., 2006; 
Berka et al., 2007; Roy et al., 2013). For instance, 
numerous indices have been created to better exploit 
the variation in the alpha and beta bands. One of 
such is the ratio of the theta activity at frontal sites 
with the alpha activity at parietal sites (Gevins and 
Smith, 2003; Holm et al., 2009).  
Another commonly used feature is a temporal 
one: event related potentials (ERPs). Indeed, a 
stimulus, either from the task at hand or an external 
probe, can be used to elicit a neural response. Most 
studies that report variations of ERP components 
due to workload variations use visual stimuli. 
However, auditory or tactile ERPs should be 
considered for real-life applications. Indeed, systems 
that would make use of probes from other sensory 
modalities than vision would be less intrusive, less 
distracting and therefore less risky for the operator 
and its task. For instance, in a driving situation, 
ERPs elicited by tactile stimuli from the chair could 
be a good means to evaluate the drivers’ workload 
(Sugimoto and Katayama, 2013). In the same 
manner, auditory probes can be good indicators of 
one’s mental workload.  
Auditory evoked potentials (AEPs) are typically 
studied using oddball paradigms. The elicited 
components include a typical triphasic sequence 
(Smith et al., 1990): N2, P3 and Slow Wave (SW). 
When stimuli are ignored, the P3 component is 
anterior (P3a) and reflects an involuntary capture of 
attention, whereas when stimuli are attended to, it 
has a posterior distribution (P3b; Squires et al., 
1975; Näätänen and Gaillard, 1983; Halgren et al., 
1998; Strobel et al., 2008; Allison and Polich, 2008).  
It is well known that the P3 component has an 
amplitude reduction when workload increases, for 
both visual and auditory probes (Natani and Gomer, 
1981; Kok, 2001; Schultheis and Jameson, 2004; 
Holm et al., 2009; Miller et al., 2011; Brouwer et al., 
2012). Earlier components such as the N1, P2 or the 
N2 have also been reported to be sensitive to 
variations in workload (Ullsperger et al., 2001; 
Allison and Polich, 2008; Miller et al., 2011). As for 
later slow waves, to our knowledge no effect of 
workload has been reported on the negative 
component appearing just after the P3.  
All those studies on the impact of workload on 
AEPs have been conducted using classical oddball 
paradigms in which participants had to detect 
(and/or count) a target infrequent item amongst 
distractors or novel sounds. However, for real-life 
applications of mental state monitoring systems, a 
less intrusive and distracting probing method should 
be used. That is to say that the use of a secondary 
task should be avoided in order to keep the operator 
focused on its primary task. Hence, Allison and 
Polich (2008) have introduced the single-stimulus 
paradigm for assessing mental workload in an 
immersive environment in a less distracting way. In 
this paradigm, there are no non-target stimuli, they 
are replaced by silence, and only target stimuli are 
presented, at irregular intervals. As the authors point 
out, this is a stimulation method that is operationally 
easy to implement. In their study, participants had to 
either count or ignore these auditory stimuli while 
playing a video game. The authors indicated 
amplitude modulations for the P2, N2 and P3 
components. However, the modulations were not the 
same depending on the contrast. For instance, it 
decreased when participants were playing in a 
difficult condition vs. a medium one. But, it 
increased from an easy one to a medium one.  
1.3 Current Study  
As we saw earlier, most of the studies that assessed 
the impact of workload on AEPs have used 
secondary tasks. However, this is less realistic to 
implement for real-life applications. It seems that the 
single-stimulus paradigm is the best way to elicit 
AEPs by interfering as little as possible in the 
operator’s task. However, to our knowledge, only 
one study has paved the way to evaluating the 
usability of potentials evoked by this paradigm for 
mental workload assessment (Allison and Polich, 
2008), and it gave no definite conclusion as to a 
robust amplitude modulation of ERP components. 
Therefore, these results need to be supported and 
extended. We intend to go further by examining how 
AEPs elicited by a single-stimulus paradigm are 
influenced by workload for a laboratory task, the 
Sternberg memory task, in which participants have 
to memorize a varying number of items, and also for 
work-related ecological tasks, i.e. reading and 
computer programming. In order to do so, we used 
pure tones of different frequencies, and we extracted 
the amplitude and latency of the triphasic AEP 
sequence N2, P3, SW, as well as the LPP elicited by 
these probes. A potentially interesting new feature 
was also evaluated, i.e. the difference in amplitude 
between these adjacent components. 
2 MATERIALS AND METHODS 
2.1 Experimental Protocol 
Ten healthy right-handed participants (7 males; m = 
28.89 years, s.d. = 7.02 years) volunteered for the 
experiment. 
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Workload was manipulated using a modified 
Sternberg task (Sternberg, 1966) and ecological 
external tasks. The first task was performed on a 
Windows Surface touchpad and was implemented in 
C++ using Qt/qwt and Visual Studio C++. As for the 
ecological tasks, they were performed by 
participants on their work computer or on their desk. 
In the modified Sternberg task, the 20 French 
consonants were used as visual stimuli (vowels were 
excluded to avoid chunking strategies). In addition, 
for both the Sternberg task and the external tasks, 
the auditory probes were six pure tones ranging from 
750 to 2000 Hz with a 250 Hz step with a 100 ms 
duration, including a 10 ms rise and a 10 ms fall. 
They were presented binaurally using a Logitech PC 
headset. 
 
Figure 1: EEG electrode and acquisition system setup. 
During the Sternberg task, participants had to 
memorize a list of sequential consonants visually 
presented on the touchpad screen. Then, a keyboard 
was presented (Figure 2). The participants had to
retrieve the consonants and the order in which they 
were presented, and answer as accurately as possible 
by touching the screen. Three levels of workload 
were considered, i.e. 3, 5 and 7 consonants to 
memorize (easy, medium and high workload 
respectively), as well as a ‘view-only’ condition, or 
idle state, in which they only focused their attention 
on the fixation point and had no item to memorize or 
retrieve. All trials were pseudo-randomly presented. 
The six auditory probes were presented during the 
retention period, with an inter-tone interval of 2005 
+ i * 1000 ms, i ranging from 0 to 5. Participants 
performed a training session of 3 easy and 3 difficult 
trials for 4.5 minutes. Then, they performed 3 trials 
of the 4 conditions: easy, medium, hard and view-
only, for 9 minutes.  
Then, the participants had to choose two tasks 
amongst several ecological tasks: an easy and a 
difficult one (as defined by us). For the easy task, 4 
participants watched YouTube movies without the 
sound or read funny stories on 9gag.com, 4 read 
novels or newspapers and 2 surfed on the internet. 
For the difficult task, 5 participants who are 
computer scientists or students in computer science 
wrote code on their computer, 2 read scientific 
publications in English (not their mother tongue), 
and the last 3 played difficult Sudoku grids online. 
Each external task lasted for 15 minutes. In total, the 
whole experiment lasted for 44 minutes. 
2.2 Measures and Analyses 
The accuracy of participants’ answers to the 
implemented task was recorded, as well as their 
EEG activity for all tasks using the Robik box 
acquisition system (Filipe et al., 2011). EEG activity 
 
 
Figure 2: Trial structure for the Sternberg memory task. 
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was recorded from four passive Ag/AgCl electrodes: 
Oz, Pz, Cz and T10 positioned according to the 10-
20 system. These electrodes were fastened on a 
double strap headband and kept moist with 
physiological serum. The reference was set at Fpz 
and the ground electrode at the right earlobe (Figure 
1).  The data were sampled at 390 Hz, band-pass 
filtered between 1 and 20 Hz, and re-referenced to a 
common average reference. 
EEG analyses were only performed on the signal 
acquired from the Cz electrode, as it proved relevant 
for workload estimation from both early and late 
components (Allison and Polich, 2008). ERPs 
elicited by the auditory probes during the different 
tasks were extracted by subtracting a 200 ms pre-
stimulation baseline to the 600 ms post-stimulation 
signal. Trials with a maximum over 100 µV were 
rejected. Absolute peak amplitude and latency were 
extracted for the 4 following components: the N2, 
negative deflection between 150 and 250 ms, the P3, 
positive deflection between 220 and 350 ms, the 
SW, negative deflection between 350 and 450 ms, 
and the LPP, positive deflection between 400 and 
600 ms. The differences in amplitude between P3 
and N2 (P3N2), P3 and SW (P3SW), and LPP and 
SW (LPPSW) were also extracted. 
 
Figure 3: Accuracy of participants’ answer in the 
Sternberg task depending on workload condition – 
Average and standard deviation across participants. 
To statistically assess workload’s impact on both 
accuracy and AEPs (amplitude and latency), we 
performed repeated measure ANOVAs with Tukey 
post-hoc tests. The analyses of accuracy were 
performed using Statistica, and all the EEG analyses 
were performed using Matlab. Performance in the 
Sternberg task was only evaluated for the conditions 
in which an answer was expected, i.e. the easy, 
medium and hard conditions. As for EEG data 
analysis, in the Sternberg task, we had 4 levels of 
workload: easy, medium, hard and view-only. Only 
trials for which a correct answer was given were 
kept, in order to effectively evaluate the impact of an 
increasing number of items in memory. For the 
external tasks, we had 2 workload levels: easy and 
hard.  
3 RESULTS 
3.1 Task Performance 
Participants were less accurate when workload 
increased (p<0.001), and this effect was linear 
(linear polynomial p<.01; quadratic polynomial n.s.; 
Figure 3). We can observe a large variability 
between participants, mostly for the medium and 
hard conditions. 
3.2 Auditory Evoked Potentials 
Grand averages across participants of the ERPs 
elicited by the pure tones in the Sternberg and the 
external tasks depending on workload condition are 
respectively given in Figures 4 and 5. It should be 
noted that there were two peaks to the P3 component 
for the different conditions, but for the view-only 
one.  
Although the averaged signal shows modulations 
of components’ amplitude depending on workload 
condition for both the implemented task and the 
external tasks (e.g. increased N2 and SW 
amplitudes, decreased P3 amplitude), these 
differences, as well as latency differences were not 
significant. This is most certainly due to too much 
variance between participants resulting in a levelling 
at the group level. This variability is illustrated by 
Figure 6 which displays the number of participants 
that show a significant difference in voltage across 
trials depending on time and condition comparison 
(e.g. E vs. M: Easy vs. medium difficulty levels). 
Indeed, on our total number of ten subjects, only a 
maximum of three participants have a significant 
difference congruent in time. Nevertheless, we can 
see that the time periods of the N2, P3, SW and LPP 
components are somewhat relevant at the participant 
level.    
Interestingly, it so appeared that the differences 
in amplitude between adjacent components were 
more robust to this inter-participant variance. 
Indeed, for the Sternberg task, the P3N2 
significantly increased with workload (F(3,27) = 
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8.39 , p<.001), and this effect was linear between the 
easy, medium and hard conditions (linear 
polynomial p<.01; quadratic polynomial n.s.). The 
same workload effect was observed on the P3SW 
(F(3,27) = 4.52, p<.05). It was also linear between 
the easy, medium and hard conditions (linear 
polynomial p<.05; quadratic polynomial n.s.).  
 
Figure 4: Impact of workload condition on the AEPs at the 
Cz electrode during the Sternberg task. Data smoothed 
using a 5-sample moving average. 
Figure 7 displays the difference waveforms between 
the hard and easy, and the medium and easy 
conditions. It illustrates well the increase in 
difference for these adjacent components with 
increasing workload. Figure 8 details those 
amplitude differences for the Sternberg task through 
box plots. For the LPPSW, no significant difference 
was observed. 
 
Figure 5: Impact of workload condition on the AEPs at the 
Cz electrode during the ecological tasks. Data smoothed 
using a 5-sample moving average. 
As regards the external tasks, although the signal at 
the Cz electrode seemed greatly modulated by 
workload, the impact of this factor was in fact 
smaller on peak amplitudes, and was not significant. 
 
Figure 6: Number of participants that show a significant 
difference in voltage across trials depending on condition 
comparison and time. E: easy; M: medium, H: hard, V: 
view-only, Ext: external tasks. 
 
Figure 7: Difference waveforms at the Cz electrode for the 
Sternberg task. Data smoothed using a 5-sample moving 
average. 
4 DISCUSSION 
The aim of this study was to assess the impact of 
workload on auditory evoked potentials elicited by a 
single-stimulus paradigm with probes ignored by the 
participants. Workload was efficiently manipulated 
using a Sternberg paradigm with decreasing 
performance when the task increased in difficulty. 
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Figure 8: Box plots of the amplitude differences between 
the P3 and N2 components, and the P3 and SW 
components, at the Cz electrode for the Sternberg task. 
Average across participants.*p<0.05. 
The main findings of this study are a significant 
modulation of the N2, P3 and SW triphasic AEP 
sequence for the Sternberg task. Indeed, the 
difference in amplitude between the P3 and each of 
the two adjacent components N2 and SW increased 
with workload. This phenomenon has never been 
described in the literature and could provide an 
interesting feature for mental workload estimation as 
it seems more robust to inter-participant variability 
than components’ amplitude. 
Indeed, no significant effect of workload was 
found for these amplitudes, nor for the latencies of 
the components at the group level. Although not 
significant, our components’ amplitude results are in 
line with the work of Allison and Polich (2008). 
They introduced the use of the single-stimulus 
paradigm and workload impact on ignored probes, 
and reported larger components for the view-only 
condition. They also indicated that an increase in 
components’ amplitude could be observed when 
workload increases, as we found for the N2 and SW 
components. This also explains the increase in 
amplitude difference for the P3N2 and the P3SW. 
Also, similarly, they did not report significant 
modulations of AEPs’ amplitude between the easy 
and medium, and easy and hard conditions with their 
experimental paradigm. Lastly, the absence of any 
significant modulation of our triphasic sequence for 
the ecological tasks may be due to a bad choice of 
ecological tasks, or to an insufficient engagement 
from the participants. These issues are critical for 
real-life experimentations.  
However, this study is just a preliminary study 
and the results need to be further examined and 
confirmed using more participants, as well as more 
trials per condition and additional ecological tasks. 
Also, a problem of variable lag between trigger and 
sound release due to the use of the touchpad has 
appeared. It could have brought more variance and 
therefore reduced the effects. Next time, we will 
record the audio signal along with the EEG signal to 
realign our ERPs. That being said, these significant 
differences in amplitude might appear when 
performing classification at the subject level. 
Therefore, the next step should be to try and 
estimate each participant’s mental workload using 
these amplitudes, as well as the P3N2 and P3SW 
differences and compare their efficiency. This 
should be done for laboratory-type tasks as well as 
for ecological tasks, as we have done in this study. 
Our study brings new light on the use of AEPs, 
as well as the single-stimulus paradigm for mental 
state monitoring. Robust features such as differences 
in amplitude could be used for workload assessment 
in a non-intrusive way by probing operators with 
pure tones irrelevant to their task at hand.  
5 CONCLUSIONS 
This study fits into the mental state monitoring 
growing research environment. Mental workload 
assessment is a new challenge that can be tackled by 
evaluating the relevance of several neuro-
physiological features, such as auditory evoked 
potentials. Our results show that the amplitude of 
these potentials elicited by pure tones in a single-
stimulus fashion are modulated by workload for 
laboratory-type tasks as well as ecological tasks, 
although not significantly at the group level. 
However, the differences in amplitude between the 
adjacent components of the triphasic AEP sequence 
N2, P3 and SW were significantly modulated for our 
laboratory task. These promising results should be 
taken to the next step by comparing their relevance 
with other features using classification algorithms. 
The use of more electrodes as well as other 
recording modalities should also be considered to 
improve mental workload assessment. Finally, with 
InfluenceofWorkloadonAuditoryEvokedPotentialsinaSingle-stimulusParadigm
the aim to get closer to real-life implementation, a 
thorough ecological task battery setup should be 
designed to better ascertain workload modulation in 
work settings.  
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